Introduction {#S0001}
============

Statins are a class of cholesterol-lowering drugs and currently considered the most prescribed lipid-modifying therapy.[@CIT0001] Statins' effect on lipid profile is caused by their competitive inhibition of HMG-CoA reductase enzyme, which is responsible for controlling the rate-limiting step of hepatocyte cholesterol synthesis. This reduction in hepatic cholesterol synthesis is augmented by the induction of low-density lipoprotein (LDL) receptor expression which enhances the hepatic removal of the atherogenic LDL cholesterol from circulation.[@CIT0002] The widespread use of statins in clinical practice is due to their very well documented benefits in reducing morbidity and mortality related to cardiovascular diseases.[@CIT0003] Macrolide antibiotics are also widely used in treating different infections in community and hospital settings. Most of the information available about the interaction between statins and macrolides were found under the heading of "Cytochrome P450 subfamily 3A4 (CYP3A4) inhibitors -- statins interaction". CYP3A4 inhibitors comprise a large number of drugs that have different inhibition potencies as well as different effects on several other transporters. The aim of this study was to explore the clinical significance of the specific interaction between statins and macrolides and provide recommendations on how to deal with such interaction.

Literature review {#S0002}
=================

A literature review was performed through PubMed and Embase (1946 to December 2018) using different MeSH terms as well as combined keywords. The following keywords were used: CYP3A4 inhibitors, pharmacokinetics, HMG-Co A reductase inhibitors, statins, drug interaction, rhabdomyolysis, macrolides, muscle toxicity, myalgia, organic anion transporting polypeptides 1B (OATP1B) inhibitors, simvastatin, lovastatin, atorvastatin, rosuvastatin, pravastatin, fluvastatin, pitavastatin, erythromycin, clarithromycin, roxithromycin, telithromycin, and azithromycin with forward and backward citation tracking. Relevant English language in vitro studies as well as in vivo studies in healthy volunteers, case reports, and population studies were included in the review.

The interacting drugs {#S0003}
=====================

Chemically, simvastatin, atorvastatin, fluvastatin, and lovastatin are considered lipophilic compared to rosuvastatin, pitavastatin, and pravastatin.[@CIT0004] All statins are administered in the active form except simvastatin and lovastatin which are administered as lactone pro-drugs. Despite the rapid absorption of statins, their systemic bioavailability is low due to significant first-pass effect. However, since the liver is their main site of action, efficient first-pass uptake by hepatocytes has greater importance than systemic bioavailability. The major mechanism of hepatocyte uptake of lipophilic statins is passive diffusion, while the more hydrophilic statins will be subjected to an extensive transporter-mediated process.[@CIT0001] All statins are significantly metabolized by hepatic CYP450 enzymes except pravastatin and rosuvastatin, both drugs are cleared from the body mainly unchanged in urine and feces. Rosuvastatin and pravastatin renal clearances occur mainly through active renal tubular secretion and accounts for 10% and 20% of the drug total clearance, respectively. Therefore, CYP3A4 inhibition has no significant impact on the pharmacokinetics of pravastatin and rosuvastatin.[@CIT0005],[@CIT0006] Pitavastatin is minimally metabolized by CYP2C9 and most of the dose is excreted unchanged in the feces.[@CIT0007] CYP3A4 isoenzyme; the most available CYP450 isoenzyme; is the major metabolizing enzyme in relation to simvastatin, lovastatin, and atorvastatin.[@CIT0008],[@CIT0009] Fluvastatin is extensively metabolized by CYP2C9; and to a lesser extent by CYP3A4 and CYP2C8; to three major metabolites, and only 5% of the administered dose is renally cleared.[@CIT0010] [Table 1](#T0001){ref-type="table"} represents a summary of important pharmacokinetic parameters of different statins.Table 1Summary of selected pharmacokinetic data of statins[@CIT0001],[@CIT0008],[@CIT0010],[@CIT0015],[@CIT0056],[@CIT0087]SimvastatinLovastatinAtorvastatinPravastatinRosuvastatinFluvastatinPitavastatinPro-drugYesYesNoNoNoNoNoBioavailability (%)\<5\<512--1417--18202451Half-life (hours)2--51.3--513--161--3200.5--311Protein binding (%)\>95\>9580--9943--5588\>9096Hepatic extraction (%)83≥70704563\>68\>60Renal excretion (%)1310\<52010515CYP450 metabolism and isoenzymeCYP3A4CYP3A4CYP3A4Clinically not relevantCYP2C9 minimallyCYP2C9CYP2C9 minimally

Macrolides is a group of antimicrobial drugs characterized by the presence of a macrocyclic lactone ring in their structures. Erythromycin is rapidly degraded in the stomach's acidic environment to different compounds that are responsible for the gastrointestinal side effects of erythromycin. Clarithromycin, roxithromycin, and azithromycin are newer agents in this class and have been created semi-synthetically by modifications to erythromycin. The aim of these modifications is to create more acid-stable alternatives with longer half-life and extended spectrum of activity. The newer macrolides have an extended spectrum of activity toward certain species compared to erythromycin.[@CIT0011] Telithromycin is structurally related to macrolides (ketolides) designed to have dual binding to bacterial ribosomes in order to overcome the resistance of certain bacteria. The long half-life of telithromycin, azithromycin, and roxithromycin allows their use as a single daily dose. Erythromycin, clarithromycin, and telithromycin are extensively metabolized by CYP3A4 isoenzyme, roxithromycin undergoes limited metabolism, while azithromycin is not metabolized and mainly excreted as unchanged drug.[@CIT0011]--[@CIT0013]

The mechanisms of the interaction {#S0004}
=================================

Inhibition of CYP3A4 {#S0004-S2001}
--------------------

The most important site of interaction between statins and macrolides is CYP3A4 isoenzyme. The mechanism involves inhibiting CYP3A4 by certain macrolides, which will result in increased exposure to statins metabolized by the same isoenzyme. CYP3A4 is considered the most abundant CYP450 isoenzyme in the liver and intestine. It is involved in the metabolism of more than 50% of drugs currently available on the market. In the intestine, CYP3A4 is responsible for first-pass drug metabolism and contribute to drug clearance through the gut wall. Despite the fact that more than 20 allelic variants of CYP3A4 have been identified, the clinical significance of this variation has not been demonstrated in clinical practice.[@CIT0014] Inhibition of CYP3A4 isoenzyme is expected to have a significant impact on the blood level concentration of simvastatin, lovastatin, and atorvastatin. However, the magnitude of this inhibition will vary depending on the potency of the inhibition and the relative contribution of intestinal and hepatic CYP3A4 to the total bioavailability of the drug. Simvastatin and lovastatin's bioavailability is more dependent on CYP3A4 isoenzyme than atorvastatin, therefore the inhibition of CYP3A4 isoenzyme has a larger effect on their exposure compared to atorvastatin.[@CIT0008],[@CIT0015]

The affinity or the potency of inhibition of CYP3A4 isoenzyme by different macrolides has been explored in many in vitro studies. These studies concluded that erythromycin, clarithromycin, and telithromycin are the most potent inhibitors of CYP3A4 isoenzyme, followed by the weak inhibitor, roxithromycin, and finally azithromycin, which in some studies showed results comparable to placebo.[@CIT0016]--[@CIT0019] The dual inhibition of intestinal and hepatic CYP3A4 does not occur at the same speed, intestinal CYP3A4 has a fast onset which peaks in about 2 days, while hepatic CYP3A4 may take a few days to reach maximum inhibition.[@CIT0020]

The inhibition of CYP3A4 by macrolides is believed to be due to mechanism-based inhibition which results in the formation of a tight and irreversible metabolic intermediate (MI) complex which inactivates the isoenzyme. The N-demethylation of erythromycin, clarithromycin, troleandomycin, and oleandomycin forms reactive nitrosoalkanes which inactivate CYP3A4 by forming MI complex.[@CIT0021] Mechanism-based inhibition of CYP3A4 is more likely to cause significant drug-drug interaction than reversible inhibition, as the body will not overcome this inhibition until new CYP3A4 proteins are synthesized. Macrolides\' inhibition of CYP3A4 through the formation of MI complex is expected to be time-dependent in its onset and more evident after multiple doses compared to a single dose.[@CIT0022]

Inhibition of OATPs {#S0004-S2002}
-------------------

Membrane transporters can either facilitate the uptake of their substrates into cells (influx) or facilitate the excretion of their substrates out of cells (efflux). Human OATPs are a membrane influx transporter family which consists of eleven proteins; OATP1B1, OATP1A2, OATP1B3, and OATP2B1 are the most characterized ones in relation to their influence on drug disposition.[@CIT0023] OATP1B1, 1B3, and 2B1 are expressed mainly in the sinusoidal membranes of hepatocytes and facilitate the entry of many endogenous and exogenous substances into liver cells. *SLCO1B1* gene is responsible for the formation of OATP1B1 transporter and it has been found to be polymorphic with many single nucleotide polymorphisms (SNPs), and sequence variations have been identified. Two important SNPs that can form four distinct haplotypes are c.521T \> C (p.Val174Ala) and c.388A \> G (p.Asn130Asp). Haplotypes *SLCO1B1\*5* (c.388A-c.521C) and *SLCO1B1\*15* (c.388G-c.521C) have been associated with reduced transport activity.[@CIT0024]

Simvastatin acid, the active form of simvastatin, is a substrate of OATP1B1. The contribution of this transporter to the hepatic uptake of simvastatin acid is estimated to be 75% of the hepatic extraction ratio.[@CIT0008] In a single dose study in healthy volunteers who carry *SLCO1B1* c.521T \> C variant, simvastatin acid exposure was increased by 40%.[@CIT0025] For atorvastatin, no human data available for the contribution of OATP1B1 in its hepatic uptake, but data from studies conducted on rats indicate more than 90% of the total hepatic uptake is mediated by OTAP1B1 transporter.[@CIT0026] In a single dose study in healthy volunteers (atorvastatin 40 mg), the administration of rifampin infusion, an OATP1B1 inhibitor, increased atorvastatin acid exposure by 6.8 fold.[@CIT0027] Pravastatin is mainly renally excreted and the rest will undergo hepatic metabolism. Since pravastatin is a hydrophilic compound, OATP1B1 transporter is needed for hepatic cellular uptake.[@CIT0008] In one study, a participant with *SLCO1B1* c.521CC genotype showed 91% and 74% more pravastatin exposure compared to participants with c.521TT or c.521TC genotypes respectively, while fluvastatin exposure did not show any significant difference. In a rat model, when rifampicin (OATP1B1/1B3 inhibitor) was coadministered with fluvastatin, area under the serum concentration-time curve (AUC) increased by 2.5 fold. This supports the assumption that fluvastatin's hepatic uptake is more dependent on OATP1B3 transporter.[@CIT0028],[@CIT0029]

Metabolism of rosuvastatin is a minor route with most of the drug excreted unchanged in feces and urine. It is estimated that OATP1B1/B3 is responsible for 70% of rosuvastatin's total hepatic uptake, the rest (about 30%) is transported via bile acid uptake transporter.[@CIT0008] The influence of *SLCO1B1* c.521cc genotype was larger on atorvastatin exposure compared to rosuvastatin in healthy volunteers, which indicates that atorvastatin uptake is more dependent on OATP1B1 transporter.[@CIT0030] For pitavastatin, hepatic elimination as unchanged drug in bile is the major metabolic pathway. In vitro studies showed that pitavastatin is an OATP1B1/B3 substrate with 1B1 as the major contributor to its hepatic uptake. Increased exposure to pitavastatin has been reported in individuals with *SLCO1B1* c.521CC genotype or when coadministered with rifampicin.[@CIT0031],[@CIT0032] Lovastatin is also a substrate of OATP1B1, but has not shown any affinity toward OATP1B3.[@CIT0033]

In summary, possibly all statins are substrates of OATP1B1 but to different extents. Simvastatin, lovastatin, atorvastatin, and pitavastatin are the most affected statins when OATP1B1 inhibitor is used.

The magnitude of macrolides\' inhibition of different transporters as well as the level of contribution of each transporter to total drug clearance is essential information to determine the significance of drug-drug interactions. The inhibitory effect of different macrolides on OATP1B1/1B3 transporters was evaluated in an in vitro model, the IC50 for each macrolide against OATP1B1 was 96 µM (clarithromycin), 121 µM (telithromycin), 153 µM (roxithromycin), and 217 µM (erythromycin). In relation to macrolides\' affinity for OATP1B3 using the same model, telithromycin showed the strongest inhibition in vitro with IC50 of 11 µM, while clarithromycin, erythromycin, and roxithromycin showed slightly similar affinities with IC50 of 32 µM, 34 µM, and 37 µM respectively. Azithromycin did not show any inhibition of both transporters.[@CIT0034] Hirano et al calculated the inhibition constant for clarithromycin and erythromycin against OATP1B1 and found that clarithromycin has a stronger affinity for OATP1B1 than erythromycin (8.25 µM and 11.4 µM respectively) and may cause a significant clinical interaction with OATP1B1 substrates.[@CIT0035] These in vivo variations in inhibition values can be explained by the use of different expression systems and different substrates.

The effect on other transporters {#S0004-S2003}
--------------------------------

P-glycoproteins (P-gp), which is a member of multidrug resistance proteins subfamily, is an efflux transporter that may play a role in the absorption of lovastatin, simvastatin acid, and atorvastatin acid, but not the lactone forms.[@CIT0036] However, an in vitro study using Caco-2 cells showed low affinity of these statins for P-gp and suggested that P-gp inhibition is unlikely to cause significant drug interactions.[@CIT0037] Clarithromycin, erythromycin, and azithromycin are considered weak P-gp inhibitors when coadministered with P-gp substrates such as digoxin and fexofenadine, they resulted in less than 2 fold increase in AUC.[@CIT0038] All other statins are not affected by P-gp inhibition.[@CIT0039]

Breast cancer resistance protein (BCRP) is another efflux transporter that is located in the intestine, placenta, liver, and to a lesser extent in renal proximal tubules. In the intestine, BCRP has a similar role to P-gp in restricting the absorption of its substrates through the intestinal wall. An important SNP in *ABCG2* gene, which encodes for BCRP, is *ABCG2* c.421C\>A, which is associated with reduced expression of the transporter, causing reduction in its efflux capacity.[@CIT0040] In healthy volunteers, c.421AA genotype was associated with 2.44 fold and 1.72 fold increase in the exposure to rosuvastatin and atorvastatin respectively.[@CIT0041] Also, similar results were found with fluvastatin (1.7 fold increase) and simvastatin lactone (2.11 fold increase). Pravastatin and pitavastatin exposure was not significantly altered in individuals with c.421AA genotype.[@CIT0042]

Organic anion transporters (OATs) play a role in the renal clearance of pravastatin and rosuvastatin. More than 90% of the renal clearance of pravastatin and rosuvastatin is mediated by OAT3 transporter which is responsible for their active removal from circulation.[@CIT0043] Multidrug resistance protein 2 (MRP2) has a significant effect on the intestinal absorption of pravastatin.[@CIT0044] The sodium-dependent taurocholate co-transporting polypeptide (NTCP) is another transporter present exclusively in hepatocytes, and contributes to the homeostasis of bile salt in the body.[@CIT0045] NTCP contributes differentially to statins\' hepatic uptake with other transporters such as OATP1B1/1B3. Rosuvastatin, pravastatin, pitavastatin, and fluvastatin are considered NTCP substrates. In vitro inhibition of NTCP by taurocholate affected mostly the hepatic uptake clearance of rosuvastatin and pitavastatin, but to a moderate extent.[@CIT0046] Despite the importance of all these transporters, there was no evidence in the literature that any of the macrolides were BCRP, OAT3, MRP2, and NTCP inhibitors.

The consequences of the interaction {#S0005}
===================================

Assuming that macrolides inhibit the metabolism/clearance of statins, this may lead to increased patient exposure to statins. This in turn can lead to one of four possibilities: first: no symptoms at all or no changes in markers of muscle toxicity (creatine kinase (CK)), the second possibility is development of mild muscle pain or myalgia without any increase in blood markers of muscle toxicity, the third possibility is development of myalgia with increase in CK (\<10 times upper limit of normal), the final possibility is development of rhabdomyolysis, which usually starts with progressive muscle pain and weakness that is followed by severe increase in CK (10× \> upper limit of normal) and/or increase in myoglobin level which can be detected in urine and which contributes to acute kidney injury.[@CIT0047] Rhabdomyolysis is a life-threatening condition that has a significant impact on patients' health and quality of life. The aim of this review was to help health care professionals avoid the development of rhabdomyolysis by understanding the nature of macrolides-statins interaction and risk factors that predispose patients to such adverse events.

Studies in healthy volunteers {#S0006}
=============================

In order to explore the extent as well as the significance of statins\' and macrolides\' interaction, a few studies have been conducted in healthy volunteers and are summarized in [Table 2](#T0002){ref-type="table"}. The effects of erythromycin, clarithromycin, and telithromycin on simvastatin exposure were variable and highly significant, however the comparison between them was inappropriate as one of them was a single dose study while the other two studies followed a multiple dose approach.[@CIT0048]--[@CIT0051] In relation to atorvastatin, the increase in AUC after the administration of macrolides was dose-dependent. With atorvastatin 10 mg dosing, the increase in AUC was less than 2 fold, while with the 80 mg dosing the increase in AUC was more than 4 fold.[@CIT0048],[@CIT0052]--[@CIT0054] Clarithromycin, erythromycin, and telithromycin inhibited both intestinal/hepatic CYP3A4 and OATP1B1, which resulted in this large increase in the exposure to atorvastatin and simvastatin. Azithromycin 500 mg daily for 3 days did not cause a significant change in atorvastatin exposure, which is in agreement with a molecular experiment that showed the clearance of triazolam through CYP3A4 did not change with the coadministration of azithromycin.[@CIT0017] The coadministration of clarithromycin with pravastatin doubled the subjects\' exposure to pravastatin despite the fact that pravastatin is not metabolized by CYP3A4 isoenzyme.[@CIT0048] In fact, pravastatin's hepatic clearance is estimated to account for 0.53 of drug total clearance; when considering that OATP1B1 is responsible of 95% of hepatic extraction, inhibiting OATP1B1 by clarithromycin theoretically will double pravastatin exposure.[@CIT0008] Erythromycin caused a slight decrease in AUC of rosuvastatin, which could be due to increased gut motility causing a slight decrease in rosuvastatin absorption. This result confirm that rosuvastatin clearance is not dependent on CYP3A4 activity.[@CIT0055] Pitavastatin AUC was increased by 2.8 fold when coadministered with erythromycin, which was more than expected (1.45 fold AUC reduction) and this could be due to underestimation of hepatic extraction ratio.[@CIT0056] All the above-mentioned trials did not take into consideration racial background or genotype testing of subjects, also, there was significant inter-individual variability in the extent of the statins\' interaction with macrolides. Furthermore, these studies described the interaction in terms of increased exposure to statins, but none of these studies reported any signs of muscle toxicity.Table 2Summary of studies of the administration of different statins with different macrolides in healthy volunteersStatinStatinMacrolideResultsReferenceDoseDurationSimvastatin40 mgDaily from day 1--7 and day 10--18Clarithromycin 500 mg BID from day 10--18 (9 days)Simvastatin: 10 fold ↑AUC\
Simvastatin acid: 12 fold ↑AUC[@CIT0048]40 mgSingle doseErythromycin 500 mg TID (4 doses)Simvastatin: 6.2 fold ↑AUC\
Simvastatin acid: 3.9 fold ↑AUC[@CIT0049]NANATelithromycin (dose not mentioned)Simvastatin acid: 8.9 fold ↑AUC[@CIT0050]20 mgDaily for 7 daysClarithromycin 250 mg BID for 7 daysSimvastatin: 3.9 fold ↑AUC[@CIT0051]Atorvastatin10 mgTwo single doses on day 7 and day 21Erythromycin 500 mg QID for 25 days1.32 fold ↑AUC[@CIT0048]10 mgSingle doseErythromycin 500 mg QID for 7 days1.33 fold ↑AUC[@CIT0049]10 mgDaily for 8 daysClarithromycin 500 mg BID for 3 days (days 6--8)1.82 fold ↑AUC[@CIT0054]10 mgDaily for 8 daysAzithromycin 500 mg OD for 3 days (days 6--8)No significant change to AUC[@CIT0054]80 mgDaily from day 1--7 and day 10--18Clarithromycin 500 mg BID from day 10--18 (9 days)4.4 fold ↑AUC[@CIT0048]80 mgDaily for 8 daysClarithromycin 500 mg BID for 9 days4.4 fold ↑AUC[@CIT0049]Pravastatin40 mgDaily from day 1--7 and day 10--18Clarithromycin 500 mg BID from day 10--18 (9 days)2 fold ↑AUC[@CIT0048]Rosuvastatin80 mgSingle dose given on day 4Erythromycin 500 mg QID for 7 daysSlight ↓AUC (20%)[@CIT0055]Pitavastatin4 mgSingle dose given on day 4Erythromycin 500 mg QID for 6-days2.8 fold ↑AUC[@CIT0056][^1]

Case reports from the literature {#S0007}
================================

We identified 13 case reports of rhabdomyolysis suspected to be induced by addition of macrolides to long-term statin therapy; a summary has been provided in [Table 3](#T0003){ref-type="table"}. Rhabdomyolysis is a severe skeletal muscle condition, usually starting with muscle pain and weakness due to the disruption of the muscle cells\' integrity leading to a large release of creatine kinase and other intracellular components such as myoglobin which may cause dark urine and induce acute renal injury.[@CIT0057] Statin monotherapy rarely causes rhabdomyolysis, with estimated incidence of 0.3--13.5 cases per one million statin prescriptions.[@CIT0058] Case reports are confirmed cases of the outcome, which is rhabdomyolysis in this context, but could not necessarily establish causal relationship. On the other hand, analysis of these reports may help in identifying key factors that need to be considered to avoid such severe adverse events.Table 3Summary of case reports from literature implicating macrolides-statins interactionStatinDose and durationMacrolide dose and durationType of toxicityOnset of toxicityOther conditionsOther medicationsGender and ageReferenceLovastatin20 mg OD for 5 yearsErythromycin 200 mg TID started as a prokinetic agentMyositisAfter starting the AB, CK started to rise and patient started to complain of muscle acheDM type 2, chronic renal failure, hypertension, IHD, CHFFurosemide, aspirin, trimetazidine, amlodipine, prazocin, bisoprolol, ferrous fumarate, vitamin B complex, vitamin C, folic acid, mixtard insulin, calcium carbonate73 year old woman[@CIT0061]20 mg BID for 7 monthsErythromycin for 10 days (dose not specified)Rhabdomyolysis5 days after completion of AB courseDM, CAD, CHF, chronic renal insufficiencyAmoxy-clavulinate, furosemide, sucrulfate, ranitidine, allopurinol, insulin, isosorbide dinitrate, enalapril, digoxin68 year old woman[@CIT0064]40 mg OD for 5 yearsClarithromycin 500 mg BID for 10 daysRhabdomyolysisMuscle pain and weakness started 2 days after completing AB coursePolymyalgia rheumatica, DM type 2, asthma, gout, peptic ulcer disease, hypertension, and CADFamotidine, HCTZ/triamterene, probenecid, colchicine, prednisone, aspirin, diltiazem, clonidine, insulin, and albuterol inhaler76 year old white woman[@CIT0062]40 mg OD for past 5 yearsAzithromycin 250 mg OD for 5 daysRhabdomyolysisMuscle aches started 1 day after completing AB courseHypertension, hypothyroidism, DM type 2, gout, and renal insufficiency, recurrent sinus infectionCholestyramine powder, diltiazem, doxazocin, glyburide, thyroid grains, allopurinol, naproxen, prednisone, loratidine, and beclomethasone nasal spray51 year old white man[@CIT0062]Simvastatin20 mg ODClarithromycin 500 mg BID for 14 daysRhabdomyolysisDuring the second week of the AB courseDM, gout, foot ulcerTelmisartan, HCTZ, glibenclamide, allopurinol, bisoprolol, and aspirin77 year old woman[@CIT0066]40 mg ODClarithromycin (dose not specified)\
Prescribed as a replacement for rifampicin 5 weeks prior to admissionRhabdomyolysisStarted AB 5 weeks before admission (duration not specified)Hypertension, hypercholesterolemia, chronic kidney disease stage 3a, gastro-oesophageal reflux, thrombocytopeniaNot specified68 year old man[@CIT0059]80 mg ODErythromycin 400 mg TID for 10 daysRhabdomyolysisMuscle pain and weakness started several days after starting the ABCHD, hypercholesterolemia, COPD, hypertension, osteoporosis, previous aortic aneurysm repair, Ramsay Hunt syndromeClopidogrel, lansoprazole, tiotropium bromide, budesonide/efemetrol, risedronate monthly85 year old man[@CIT0060]↑to 80 mg OD 6 weeks before the interactionClarithromycin 500 mg BID for days before admissionRhabdomyolysis4 days after starting the ABFamilial combined hyperlipidemia, binge alcoholicNot specified49 year old man[@CIT0063]80 mg ODAzithromycin 500 mg OD for the first days, followed by 250 mg OD for 4 daysRhabdomyolysis2--3 days after starting the ABChronic kidney disease, severe gout, polymyalgia rheumatica, DM type 2, hypertension, hyperlipidemiaAllopurinol 100 mg OD, prednisone 5 mg daily, labetalol, bumetanide, amlodipine, glargine insulin73 year old man[@CIT0065]80 mg OD plus ezetimibe 10 mg ODClarithromycin 250 mg BD for 3 months (last month increased to 500 mg BID)Rhabdomyolysis1 week before admissionSevere COPD, acute coronary syndrome, iron-deficiency anemia, hyperparathyroidismAspirin, seretide 250 inhaler, Ventolin inhaler, tiotropium, propylthiouracil, metoprolol, ramipril, nitrolingual spray, recurrent chest infection83 year old woman[@CIT0067]80 mg ODClarithromycin 500 mg BID for 21 days (sinusitis)RhabdomyolysisMuscle symptoms started 4--5 days before admission, AB started 3 weeks before admissionDM, severe renal impairment, protein C deficiency, recurrent DVT, hypertension, dyslipidemia, prolactinoma, benign prostatic hypertrophy, and goutRanitidine, Heparin Sc, testosterone patch, pseudoephedrine, colchicine, allopurinol, bromocriptine, terazocin, tolbutamide, beclomethasone puffer, epoetin alfa, regular insulin, NPH insulin, etidronate, folic acid, acetaminophen/codeine64 year old African-American man[@CIT0068]Stable on 80 mg dose ODErythromycin IV for 2 days followed by 10- day course of 500 mg QIDRhabdomyolysis15 days after completion of the ABRheumatoid arthritis, dermatitis, hypertension, CHD, AF, aortic stenosis, heart failure (after MI)Metoprolol, amlodipine, valsartan/HCTZ, aspirin, methotrexate 2.5 mg once weekly, furosemide83 year old man[@CIT0069]↑to 80 mg OD 8 months agoClarithromycin for 1 week (dose not specified)Rhabdomyolysis3--4 days after completion of the ABCAD, AF, two cerebral infarctions with aphasia and dysarthriaWarfarin, aspirin, isosorbide mononitrate, atenolol, and NTG PRN78 year old man[@CIT0069][^2]

Lovastatin (four cases) and simvastatin (nine cases) were the only statins used in these reported cases.[@CIT0059]--[@CIT0069] About 85% of the patients were ≥64 years old, of those about 54% were ≥75 years of age. In the literature, advanced age (65 years or older) is a risk factor for developing rhabdomyolysis with statin monotherapy.[@CIT0070] This risk will increase when combining statin with an interacting drug such as clarithromycin. Most of simvastatin users (78%) used a high dose of 80 mg daily, while lovastatin users used a medium dose of 40 mg daily. In another review of case reports of statin-induced rhabdomyolysis, most cases of simvastatin-induced rhabdomyolysis occurred at a dose of 40 mg.[@CIT0071] Also, Nguyen et al found that the OR of developing simvastatin-induced rhabdomyolysis was significantly increased when the simvastatin dose was larger than 20 mg.[@CIT0070] Clarithromycin was the most suspected offending agent in more than 50% of the cases, followed by erythromycin, while azithromycin was implicated in only one case. The onset of symptoms varied significantly between cases, but can be summarized into symptoms appearing after a few days from starting the macrolide or a few days after completing the macrolide course. In two cases, a longer period of about 2 weeks after the start/completion of the antibiotic was reported for the onset of symptoms. In almost all cases, muscle pain and weakness were the first complaints reported by patients.

Polypharmacy and multiple comorbidities are obvious characteristics of this cohort of patients. Seventy-seven percent of patients suffered from cardiovascular diseases (hypertension 61.5%, coronary artery disease 53.8%, HF 23%), 53% suffered from diabetes, and 46.1% had a certain degree of renal impairment. Interestingly, 38.5% of patients represented with gout. Cardiovascular diseases, especially hypertension, diabetes mellitus (DM), and renal insufficiency are considered as risk factors for developing statin-induced muscle toxicity.[@CIT0070],[@CIT0072] All patients with DM had also reported renal impairment, except in one case, which possibly makes DM-induced renal impairment the highest risk, not just DM. Furthermore, infection, excessive alcohol consumption, and thyroid disorders are documented to increase the risk of rhabdomyolysis.[@CIT0057]

Looking carefully at other medications used in each case, we could clearly identify many confounding agents that may at least have contributed to the development of rhabdomyolysis. Diltiazem, a very well-known CYP3A4 and P-gp inhibitor, was recognized as a major contributor to two cases, especially when combined with colchicine, a CYP3A4 and P-gp substrate. The interaction between colchicine and statins as well as colchicine and clarithromycin, can lead to colchicine toxicity which can cause rhabdomyolysis, especially if the patient is renally impaired.[@CIT0073],[@CIT0074] Amlodipine is considered a mild CYP3A4 inhibitor which can cause 30% increase in simvastatin acid exposure.[@CIT0075] Also, amlodipine is considered a potent BCRP inhibitor, as revealed by ligand-based virtual screening combined with in vitro testing.[@CIT0076] Furthermore, valsartan, telmisaratan digoxin, and glibenclamide have different inhibitory effects on OATP1B1. Lastly, all those patients suffered from infection, which can independently contribute to rhabdomyolysis.[@CIT0057] The complex interaction of advanced age, multiple comorbidities as well as polypharmacy in these case reports makes it difficult to come to a conclusion regarding a causal relationship.

Population studies from health records and databases {#S0008}
====================================================

Electronic medical records or databases provide a great opportunity for researchers to monitor medication safety. [Table 4](#T0004){ref-type="table"} represents a short description of seven relevant population studies identified from the literature. Researchers conducted a screening of VigiBase (an adverse drug reaction database established by the World Health Organization) in July 2009 for rhabdomyolysis reports concerning macrolides and statins, and found that clarithromycin is the most commonly reported offender. Also, they reported 53 cases that involved azithromycin and statins, mostly simvastatin. However, in more than 30% of azithromycin cases, other well-established interacting agents were reported. Azithromycin does not inhibit CYP3A4 isoenzyme or is at least considered a very weak inhibitor, therefore the suspected interactions with statins could be a coincidental temporal relation. The nature of VigiBase spontaneous reporting system, as well as the lack of clinical details, limited the ability to establish a definite causal relationship.[@CIT0077]Table 4Summary of population studies related to macrolides-statins interactionRecordsSearch criteriaResultsReferenceAdministrative managed care claims database (US). From July 2000 to December 2004To evaluate the incidence of hospitalizations for myopathy, renal medical events, and hepatic medical events in patients on statins and other lipid-lowering agents. Also, when coadministered with CYP3A4 inhibitorsThe concomitant use of statins with a CYP3A4 inhibitor caused a 6 fold increase in the rate of developing myopathy including rhabdomyolysis[@CIT0072]World Health Organization Adverse Drug Reaction database, VigiBase, July 2008, (about 4 million case reports)Rhabdomyolysis reported with azithromycin and statins. Also investigated reports of rhabdomyolysis with other macrolidesNumber of rhabdomyolysis cases with macrolides: azithromycin (53), clarithromycin (118), erythromycin (36), roxithromycin (7), and telithromycin (8).\
Simvastatin followed by atorvastatin are the most common interacting drugs. Fluvastatin was never reported to cause rhabdomyolysis with azithromycin[@CIT0077]FDA's Adverse Event Reporting System. Drug utilization data were obtained from IMS HEALTH and the National Ambulatory Medical Care Survey (NAMCS). From the date of drug market launch until July 2001Rhabdomyolysis reports associated with simvastatin and pravastatin with and without concomitant CYP3A4 inhibitorsAdverse event reporting rate (AER) for pravastatin with or without concomitant CYP3A4 inhibitor was 2.4 cases and 3.1 cases per 10 million prescriptions respectively.\
For simvastatin, the AER with or without CYP3A4 inhibitor was 38.4 cases and 6 cases respectively[@CIT0078]The Health Improvement\
Network (UK) from 1990--2008To compare the relative hazard of muscle toxicity associated with the drug interaction between statins and concomitant CYP3A4-inhibitorNo significantly increased hazard associated with statins (CYP3A4 substrate compared with non-CYP3A4 substrate) with a concomitant CYP3A4-inhibitor, adjusted for the hazard of each statin type without a concomitant CYP3A4 inhibitor. Interaction ratio =1.22, which means no significant difference in the relative hazards[@CIT0079]Four linked health care databases in Ontario, Canada. From 2003--2010To compare the absolute and RR of hospitalization due to rhabdomyolysis with concomitant use of statins (simvastatin, atorvastatin, and lovastatin) and clarithromycin/erythromycin. The reference group was patients using statin and azithromycin. Only older adults over 65 years were includedCo-prescription of clarithromycin or erythromycin with statin increased the absolute risk of rhabdomyolysis by 0.02% compared to co-prescription of azithromycin and statin. RR =2.17[@CIT0080]Five large administrative databases housed at the Institute for Clinical Evaluative Sciences (ICES), Canada. From 2002--2013To evaluate the risk of adverse events (rhabdomyolysis, kidney injury or hyperkalemia and all-cause mortality) associated with co-prescribing non-CYP3A4 substrate statins (pravastatin, rosuvastatin, and fluvastatin) and clarithromycin in older adults (66 years or older). The control group had co-prescription of same statins with azithromycinIn older adults, there was a modest increase in the risk of adverse events when non-CYP3A4 substrate statins were administered with clarithromycin compared to co-prescription with azithromycin. The absolute risk reduction for rhabdomyolysis was 0.02% in favor of azithromycin[@CIT0081]Health claims data, Regional Sickness Fund Burgenland, Austria. From July 2009 until June 2012To evaluate the risk of hospitalization or death within 30 days (composite end point) after concomitant use of clarithromycin and CYP3A4 substrate statinsThe concomitant use of clarithromycin with CYP3A4 substrate statins did not increase the rate of hospitalization or death within 30 days from starting the combination[@CIT0082][^3]

Rowan et al looked at the US Food and Drug Administration (FDA)'s Adverse Event Reporting System in order to compare the adverse event reporting rate (AER) for pravastatin and simvastatin with or without concomitant CYP3A4 inhibitor.[@CIT0078] With pravastatin, the AER was lower and did not change significantly with or without concomitant CYP3A4 inhibitor (2.4 and 3.1 cases per 10 million prescriptions respectively). While with simvastatin, the AER jumped from six cases without CYP3A4 inhibitor to 38.4 cases with CYP3A4 inhibitor per 10 million prescriptions. Clarithromycin and erythromycin contributed to more than 20% of simvastatin-induced rhabdomyolysis cases compared to none with pravastatin. The study concluded that concomitant use of simvastatin and a CYP3A4 inhibitor increased the risk for developing rhabdomyolysis. When looking at muscle toxicity as the investigated event -- defined as myalgia, myopathy, and myositis -- researchers screened The Health Improvement Network (THIN) database of primary care medical records in the UK from 1990--2008 to compare the relative hazard of muscle toxicity associated with the concomitant use of statins and CYP3A4 inhibitors.[@CIT0079] They stratified statins as CYP3A4 substrate (simvastatin and atorvastatin) and non-CYP3A4 substrate (fluvastatin, pravastatin, and rosuvastatin), clarithromycin and erythromycin were included in the analysis. There was no increase in the relative hazard of muscle toxicity between using statins alone and using statins with a CYP3A4 inhibitor. However, erythromycin and clarithromycin represented only 1.5% and 0.9% respectively of the total cases of concomitant use. Interestingly, no cases of muscle toxicity were reported with concomitant use of macrolides and non-CYP3A4 substrate statins (fluvastatin, pravastatin, and rosuvastatin), which supported the claim that the metabolism of these statins is not affected by CYP3A4 isoenzyme pathway. The results of this research questioned the clinical significance of increased statins' exposure reported in healthy volunteers and its correlation to statins' adverse effects in real practice.

On the other hand, the previous results were not in agreement with results extracted from administrative managed care claims database in the US, where concomitant use of lipid-lowering medications and a CYP3A4 inhibitor increased the rate of developing myopathy requiring hospitalization by 6 fold.[@CIT0072] It is noteworthy to mention that the two studies had different definition codes for myopathy, also the later study had several limitations, it used aggregated data for all lipid-lowering drugs (statins and non-statins), also cerivastatin, which has been withdrawn from the market, significantly influenced the results (incidence rate per 10,000 person-years was three and four times that of simvastatin and atorvastatin respectively). Finally, the statistical analysis included all CYP3A4 inhibitors listed as one group without stratification, which makes it difficult to identify which agents significantly influenced the result.

In another attempt to explore the difference in the risk of developing rhabdomyolysis when statins are co-prescribed with different macrolides, Patel et al screened four linked health care databases in Ontario, Canada to compare the risk of developing rhabdomyolysis when statins metabolized by CYP3A4 (simvastatin, atorvastatin, and lovastatin) are co-prescribed with clarithromycin or erythromycin compared to statins co-prescribed with azithromycin as the reference group. A small absolute risk reduction of 0.02% was observed in favor of azithromycin group. Indeed, the total number of rhabdomyolysis cases was 34 out of more than 144,000 co-prescriptions, also, the study was limited only to patients older than 65 years.[@CIT0080]

In addition to inhibiting CYP3A4 isoenzyme, clarithromycin can inhibit the transporters OATP1B1 and OATP1B3. Pravastatin and rosuvastatin's hepatic uptake is controlled mainly by these transporters. To evaluate the effect of concomitant use of clarithromycin with non-CYP3A4 substrate statins (pravastatin, rosuvastatin, and fluvastatin), five large administrative databases housed at the Institute for Clinical Evaluative Sciences (ICES) were screened. The measured end points were hospitalization due to rhabdomyolysis, acute kidney injury or hyperkalemia, and all-cause mortality due to concomitant use of clarithromycin with non-CYP3A4 substrate statins. The control group was selected as those with concomitant use of same statin and azithromycin. The results showed a modest increase in the risk of outcomes (for rhabdomyolysis, the absolute risk reduction was 0.02%).[@CIT0081] To understand the clinical significance of clarithromycin-statins interaction, researchers from Austria screened a large health claims database for the composite end point of hospitalization or death within 30 days due to concomitant use of clarithromycin and CYP3A4 substrate statins. After calculating the adjusted risk, the concomitant use of clarithromycin and CYP3A4 substrate statins was not associated with increasing the risk of hospitalization or death.[@CIT0082] One of the limitations of this study was that they considered pravastatin a CYP3A4 substrate statin.

Discussion {#S0009}
==========

The evidence behind macrolides-statins interaction varies significantly between the different types of drugs in each group. In relation to statins, most of this interaction was associated with simvastatin and lovastatin in case reports, while in healthy volunteers, simvastatin showed the highest level of increased exposure followed by atorvastatin 80 mg and pitavastatin 4 mg. In relation to macrolides, it is very obvious from this review that the risk of interaction is higher with telithromycin, erythromycin, and clarithromycin, while roxithromycin has less potential for the interaction and azithromycin appears to be safe to use. It is noteworthy to mention that from the 53 cases of rhabdomyolysis suspected to be due to azithromycin and statins combination mentioned by Strandell et al, in only three cases the reporters explicitly indicated that azithromycin was most likely to be the offending agent.[@CIT0077] Pharmacogenetic polymorphisms in CYP3A4 gene, *SLCO1B1*, and *ABCG2* may have an influence on an individual's susceptibility to this interaction. However, currently in clinical settings, genetic testing for polymorphisms in these genes is not available, and it is not likely to be available in the near future, unless it is proven to be cost-effective. The case reports presented in this review identified very well-known risk factors for rhabdomyolysis suspected to be due to macrolides-statins combination. Advanced age, cardiovascular diseases, renal impairment, DM, and concomitant interacting drugs are all considered risk factors for the development of statin-induced rhabdomyolysis with or without concomitant macrolides.[@CIT0057],[@CIT0070],[@CIT0071],[@CIT0083]

The increased exposure of simvastatin, lovastatin, and atorvastatin when coadministered with clarithromycin, telithromycin, and erythromycin is evident, but the significance of this increased exposure to the development of muscle toxicity could not be established in real practice. In Japan, a retrospective cohort study using a claims database could not find a statistically significant difference between the incidence of muscle toxicity between statin users who took interacting drugs (as per product information; including clarithromycin, erythromycin, and telithromycin) compared to statin users not taking interacting drugs. The number of cases identified in this cohort was very small (three cases), so no stratification analysis against the type of interacting drug was performed.[@CIT0084] In another population study in Austria, the increased risk of hospitalization or death due to concomitant use of clarithromycin and statins was perfectly neutralized after adjusting for age, cardiovascular diseases, diabetes, and utilization of other antibiotics.[@CIT0082] Similar results have been shown in the UK, where the relative hazard of muscle toxicity, hepatic and renal dysfunction did not differ between statins (3A4 substrate/non-3A4 substrate) combined with CYP3A4 inhibitor compared to statins alone.[@CIT0079] On the other hand, rhabdomyolysis adverse event rate increased from six cases to 38.4 cases per 10 million prescriptions when simvastatin was coadministered with CYP3A4 inhibitor compared to simvastatin alone. However, this rate was based on domestic spontaneous reporting of adverse events, also clarithromycin/erythromycin represented 21% of the CYP3A4 inhibitors used in this cohort.[@CIT0078]

Assuming that all CYP3A4 inhibitors are similar and including them as a group in the analysis is not the most appropriate approach to establish a causal relationship. Many of these inhibitors have a different affinity for CYP3A4 isoenzyme as well as the fact that many of them has different inhibitory effects on other transporters, eg, cyclosporine is a potent inhibitor of CYP3A4, P-gp, BCRP, and OATP1B1/1B3. Also, the proportion of each inhibitor in the group varied significantly, which makes it difficult to predict which inhibitor drove up the results. Perhaps the small amount of muscle toxicity detected in such studies makes it difficult to stratify the results as per the interacting agent.

The group analysis of statins as CYP3A4-substrate and non-CYP3A4-substrate also produced confusing results. Atorvastatin, simvastatin, and lovastatin are all included in the CYP3A4-substrate group despite the fact that inhibiting CYP3A4 by macrolides in healthy volunteers produced significant variation in exposure to these statins. This in turn, could overestimate the risk associated with atorvastatin compared to simvastatin and lovastatin. The population studies cited in this review which focused on CYP3A4-substrate statins did not stratify the outcomes measured by individual statins, except one study which found that the incidence of rhabdomyolysis with atorvastatin was significantly lower than simvastatin and lovastatin.[@CIT0072]

In the two Canadian population studies discussed previously, the estimated incidence of rhabdomyolysis in older adults co-prescribed clarithromycin/erythromycin and statins was 0.03% regardless of the type of statin (3A4 or non-3A4 substrates).[@CIT0080],[@CIT0081] This similar incidence rate was not expected based on molecular and pharmacokinetic studies and raises a few issues related to the study type and design. The length of the macrolide course was not mentioned. Also, the events were recorded up to 30 days from the macrolide prescription date. This in turn could have overestimated the number of events, as in case reports most of the symptoms of muscle toxicity started a few days after the start of macrolides or a few days after the completion of the course. Also, the authors acknowledged the limitation of this type of study as well as the possibility of medical codes\' insensitivity. Despite the fact that many researchers tried to account for all known variables, the type of infection was not taken into consideration, possibly due to the fact that most antibiotic treatments are empirical therapy, however, certain types of infection have been documented to be independent risk factors for developing rhabdomyolysis.[@CIT0047]

Relevance to patient care and clinical practice {#S0010}
===============================================

The interaction between macrolides and statins is more pronounced with simvastatin, lovastatin, and atorvastatin. In case reports, simvastatin 80 mg was the most commonly reported dose used by patients. In healthy volunteers, the largest increase in statin exposure with concomitant macrolides was with simvastatin 40 mg. Taking into consideration the FDA's warning in relation to the increased risk of myopathy with simvastatin 80 mg,[@CIT0085] ceasing simvastatin therapy temporarily or using azithromycin is the most appropriate measure to avoid toxicity associated with concomitant use of macrolides, especially if there are other risk factors such as advanced age, diabetes, cardiovascular diseases, and using other interacting agents.[@CIT0086] Due to the similarity between metabolism of lovastatin and simvastatin, the same approach should be followed with lovastatin. It is important to mention that the FDA's approved product information for lovastatin contraindicates the concomitant use of telithromycin, clarithromycin, and erythromycin with lovastatin.[@CIT0087]

The risk of developing muscle toxicity with the coadministration of atorvastatin and macrolides is overestimated when it is included with simvastatin and lovastatin as "CYP3A4-substrate statins". Concomitant administration of azithromycin with atorvastatin did not produce significant changes to atorvastatin AUC in healthy volunteers, which makes this macrolide a safe option for patients on atorvastatin therapy. Also, the increased exposure to atorvastatin (10--40 mg) when coadministered with clarithromycin/erythromycin is less likely to be of clinical significance in practice unless the patient has other risk factors for rhabdomyolysis. For higher doses of atorvastatin (80 mg), it is recommended to either use azithromycin or to temporarily cease atorvastatin until the end of the macrolide therapy. Fluvastatin exposure is not expected to significantly change with the coadministration of macrolide antibiotics.[@CIT0015] Pitavastatin AUC was increased by 2.8 fold when coadministered with erythromycin, therefore, the manufacturer suggests not to use this combination with pitavastatin dose above 1 mg.[@CIT0056] Since the proposed mechanism of this interaction is through inhibition of OATP1B1, the manufacturer's suggestion could be extended to include clarithromycin and telithromycin. If higher doses of pitavastatin is used (\>1 mg), we suggest using azithromycin or temporarily ceasing pitavastatin until the antibiotic course is completed. Pravastatin can be co-prescribed with clarithromycin with caution as long as the pravastatin dose does not exceed 40 mg.[@CIT0088] With pravastatin doses \>40 mg, we suggest either reducing the dose or ceasing the medication temporarily or using azithromycin. Rosuvastatin is mainly excreted unchanged and can be safely coadministered with macrolide antibiotics.

Simvastatin, lovastatin, fluvastatin, and pravastatin have short half-lives of between 2--5 hours, while atorvastatin, rosuvastatin, and pitavastatin have longer half-lives of between 11--20 hours.[@CIT0001] Based on statins' half-lives, after ceasing statin therapy temporarily, it will take 2--5 days to reach steady-state concentration after the re-commencement of treatment.[@CIT0089] Proper counseling is essential to reduce the risk of adverse drug events. All patients using concomitant statin-macrolide combinations should be advised to stop medication and refer to their doctors if they notice unusual muscle pain.

Conclusion {#S0011}
==========

From this review, we can confidently suggest that macrolides-statins interaction can lead to increased exposure to statin therapy. The most affected statins are simvastatin, lovastatin, and to a lesser extent atorvastatin (80 mg). Rosuvastatin, fluvastatin, and pravastatin are not significantly affected by this interaction. In most patients, this increase in statin exposure will not have any clinical significance. The increased exposure to statin therapy in the presence of other risk factors such as advanced age, renal impairment, diabetes, cardiovascular diseases, and the use of other statin-interacting drugs may cause serious muscle toxicity. In relation to macrolides, clarithromycin, erythromycin, and telithromycin are the most offending agents, while roxithromycin has limited potential for this interaction and azithromycin appears to be safe to use with statins.
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[^1]: **Abbreviations:** OD, once daily; BID, twice daily; TID, three times daily; QID, four times daily; AUC, area under the concentration-time curve; NA, not available.

[^2]: **Abbreviations:** OD, once daily; BID, twice daily; TID, three times daily; QID, four times daily; AB, antibiotic; DM, diabetes mellitus; CAD, coronary artery disease; IHD, ischemic heart disease; MI, myocardial infarction; CHF, congestive heart failure; AF, atrial fibrillation; COPD, chronic obstructive pulmonary disease; DVT, deep vein thrombosis; HCTZ, hydrochlorothiazide; NTG, nitroglycerine.

[^3]: **Abbreviation:** FDA, US Food and Drug Administration.
